Over the last few decades, the investigation of ultrafast phenomena occurring in atoms, molecules and solid-state systems under a strong-field regime of light-matter interaction has attracted great attention. The increasing request for a suitable optical technology is significantly boosting the development of powerful ultrafast laser sources. In this framework, Optical Parametric Amplification (OPA) is currently becoming a leading solution for applications in high-power ultra-broadband light burst generation. The main advantage provided by the OPA scheme consists of the possibility of exploring spectral ranges that are inaccessible by other laser technologies, as the InfraRed (IR) window. In this paper, we will give an overview on recent progress in the development of high-power few-optical-cycle parametric amplifiers in the near-IR and in the mid-IR spectral domain. In particular, the design of the most advanced OPA implementations is provided, containing a discussion on the key technical aspects. In addition, a review on their application to the study of strong-field ultrafast physical processes is reported.
Introduction
Ultrafast laser technology is rapidly developing under the impulse of exciting perspectives of applications. In particular, time-resolved spectroscopy of physical systems is driving progresses in ultrashort light pulse generation, aiming at understanding and controlling nuclear and electronic dynamics on an extremely short time scale, down to the attosecond domain.
In the 1990s, mode-locking-based solid-state laser systems were introduced, soon becoming the dominant solution for ultrafast applications, by enabling ultra-short pulse duration on the few-femtosecond scale [1] . The interest in investigating the ultrafast light-matter interaction regime under strong-field perturbations boosted the power scaling of solid-state sources. In this framework, the Chirped Pulse Amplification (CPA) [2] scheme was proposed, which enabled single pulse energy enhancement up to three orders of magnitude, thus attaining the mJ-level.
Since solid-state sources provide pulses centered at a well-defined wavelength, typically in the visible part of the spectrum, a great effort has been dedicated to the development of tunable sources. In this sense, Optical Parametric Amplification (OPA) provides a practicable strategy for intense Parametric amplification takes place all along the non-linear media, and it is strongly affected by propagation. Indeed, pump-to-signal/idler photon conversion occurs locally in the material with the local phase of the three fields being coupled by a precise relationship: φ p = φ s + φ i . Then, the boosted signal and idler beams propagate inside the non-linear crystals. During propagation, they overlap with other photon contributions arising from different sites, resulting in a spatial interference. To observe a macroscopic effect of amplification, a constructive interference regime has to be achieved. Constructive interference can be achieved by properly tuning the phase velocities of the propagating waves. In particular, the following condition, known as the phase-matching condition, must be satisfied for the pump, signal and idler wavevectors (respectively, k p , k s , k i ): k p = k s + k i . In order to fulfill the phase-matching condition, birefringent non-linear media, with uniaxial or biaxial optical properties, are exploited. In this case, the phase velocity of each beam inside the crystal is defined according to the orientation of the polarization and to the direction of propagation.
In general, beams with different polarizations and different propagation directions are used. Polarization and propagation direction are the two main degrees of freedom available to the users for optimizing the OPA systems. In particular, by properly choosing these two parameters, phase-matching conditions can be simultaneously fulfilled for a very broad range of signal frequencies, thus resulting in a broadband amplification. In this sense, two interaction types can be distinguished depending on the polarization states of the three incoming waves: Type-I (signal and idler propagating with the same polarization, either ordinary or extraordinary) and Type-II (signal and idler propagating with orthogonal polarization, either ordinary or extraordinary). Type-I phase-matching provides signal amplification on a broad spectral region. However, this interaction type is typically associated with large spectral dispersion. On the other hand, Type-II phase-matching results in a narrower phase-matching band, suitable for delivering non-dispersed signal pulses. Concerning the propagation direction, the non-collinear pump-signal configuration was proven to ensure suitable phase-matching on an extended signal band, thus enabling a broadband parametric amplification.
Broadband OPAs are ideal candidates for amplifying ultrashort pulses. When ultrashort pulses are used as an input for amplification, wave packet effects have to be mentioned. First, for energy transfer to occur from the pump to the signal/idler, spatial and temporal superposition of the three pulses is required. However, this superposition gets gradually lost along the propagation direction because of the group velocity mismatch. Thus, OPA systems are designed for providing multiple amplification stages, to compensate for this temporal walk-off dynamics. Moreover, for a fixed pump and signal propagation direction, the idler propagation direction is deduced by the wavevector equations. In a broad bandwidth amplification configuration, a number of spectral components of the signal beams must be phase-matched. The corresponding idler components arise so as to match both energy and wavevector equations. As a result, the idler beam is affected by spatial chirp.
It is worth mentioning here that OPA originally arises as an alternative to amplification systems based on population inversion in laser active media. With respect to the active media systems, OPA provides a number of advantages, which are here briefly discussed [7, 8] .
Unlike stimulated emission in active media, parametric amplification is not a resonant process, and it does not involve any real energy levels, the non-linear materials acting exclusively as an intermediate during the three-wave interaction. As a consequence, OPA systems can potentially work at any wavelength, even in those spectral regions that are not supported by lasing media. Moreover, by properly varying the phase-matching conditions, different spectral components can be selected for amplification. OPAs thus provide highly tunable sources, the region of tunability being subjected to the above-mentioned energy conservation rule. The main restriction limiting this amplification band is set by the transparency range of the non-linear crystal. Indeed, the energy exchange process among the pump, signal and idler waves is boosted by their mutual interaction; consequently, for the non-linear interaction to occur efficiently, transparency is required at the three frequencies involved. Transparency at the working wavelengths prevents thermal effects, which are instead particularly critical in amplification systems based on stimulated emission, strongly limiting power scalability. As a major advantage, in OPAs, the gain bandwidth is dictated by the possibility to satisfy the phase-matching condition over a broad spectral range. First of all, restrictions due to the line width of electronic or vibrational lasing transitions are avoided. Moreover geometrical degrees of freedom are available in birefringent media for optimizing the parametric amplification gain bandwidth, involving the propagation direction and the polarization of the interacting waves. A number of OPA architectures have been introduced for achieving broadband phase-matching. In this sense, ultra-broadband OPAs have been experimentally demonstrated, delivering pulses with durations down to the single-cycle limit from the visible to the mid-IR spectral region [9] .
Actually, parametric amplification systems are approaching the intensity levels provided by the most advanced amplified laser sources [10] . Moreover, they were established over the years as a powerful technology for applications related to ultrafast spectroscopy and for strong field applications [11] .
High-Energy Few-Optical Cycle Parametric Sources in the IR Spectral Region
In order to achieve high energy pulses in the IR as a result of a parametric amplification, high-energy pumping pulses are required. Indeed, the efficiency of the pump-to-signal energy conversion fundamentally depends on the system design and usually stands around a few tens of percent [8] . For this reason, mJ-level OPAs are mainly pumped by amplified femtosecond Ti:sapphire (Ti:Sa) lasers systems providing pulses at 800 nm with terawatt peak powers [12] . Ti:Sa has been established as the leading technology in OPA systems, both for the peak-power achievable and for the unsurpassed broad bandwidth they exhibit, enabling the generation of high-energy pump pulses below 20 fs. Pump pulse duration is a critical issue in parametric systems. For attaining an efficient energy transfer in a few-cycle parametric regime, a duration-matching is beneficial, with the pump pulse duration being on the same scale of the signal pulse duration. Femtosecond Ti:Sa-based OPAs have currently been sided by high-energy narrow-band sources, based on Nd-and Yb-doped active media, in a new class of parametric amplifiers, namely Optical Parametric Chirped Pulses Amplifiers (OPCPAs). In OPCPAs, restrictions related to the use of femtosecond pump sources are overcome by means of a technique inspired by the Chirped Pulse Amplification (CPA). Specifically, picosecond pump lasers (at 800-1100 nm) are used for amplifying temporally pre-dispersed IR signal pulses [13] . Sections 3.1 and 3.2 are devoted to the description of femtosecond-pumped OPAs and picosecond-pumped OPCPA high energy few-cycle IR sources, respectively.
The amplified signal inherits the temporal and spectral properties of the seed pulse. Thus, the possibility to produce IR signal pulses supporting the few-cycle regime relies on the exploitation of the broadband seed generation techniques. Another crucial characteristic of the seed pulse in the few-cycle regime is the Carrier-Envelope Phase (CEP), which is defined as the phase offset between the carrier and the envelope of the pulse. The stabilization of the CEP enables the generation of optical waveforms with a reproducible electric field profile. In the few-cycle regime, a change in the CEP produces a strong variation in the waveform, affecting strongly non-linear optical phenomena, such as multiphoton absorption, above-threshold ionization and high-harmonic generation. CEP control is a crucial pre-requisite for the generation of isolated attosecond pulses.
The main techniques adopted for generating a broadband seed in the IR spectral region are Parametric SuperFluorescence (PSF), White Light Generation (WLG) and Difference Frequency Generation (DFG). PSF consists of a spontaneous emission process, such that the seed is generated in a second-order non-linear crystal from vacuum fluctuations or quantum noise, under the effect of a pump pulse radiation with a relatively low intensity [14] . A broadband seed tunable from the near-to the mid-IR range depending on the non-linear media is generated, with the IR emission being subject to phase-matching conditions with the pump beam [15] . Since the process is initiated by noise, large random pulse-to-pulse energy fluctuations occur. However, this is generally a minor issue in PSF-based OPAs; indeed, those fluctuations undergo attenuation as a result of the subsequent parametric amplification. Moreover, due to the stochastic nature of emission, a timing jitter between pump and seed exists, making the synchronization of pulses in the OPA a fundamental issue. As a major drawback of PSF, the CEP relation between the pump and the PSF pulses is completely lost [16] , and seed pulses exhibit a completely random CEP.
Higher pump pulse intensity is required for WLG, but significant advantages can be obtained in terms of shot-to-shot stability and CEP-control. WLG occurs in dielectric media with a third-order non-linearity. It involves spectral broadening of the pumping pulses by means of a combination of three-photons processes as Four Wave Mixing (FWM) and Self-Phase Modulation (SPM) [17] . By filtering the low-frequency components, a seed is obtained extending up to the near-IR. In this process, the CEP value of the driving pulses is preserved [18] [19] [20] so that a CEP-stable seed is produced provided that CEP-stable pump pulses are used. On the other hand, if the pump and seed have a well-defined phase relationship between them, a CEP-stable idler beam is obtained under parametric amplifications by phase differencing between the two contributing pulses.
Finally, DFG occurs in second-order non-linear crystals excited by highly intense ultra-broadband pump pulses. It can be described as a two-photon process in which frequency differencing takes place, so that new components are generated in the long wavelength domain. As opposed to PSF and WLG, DFG potentially has the advantage of generating CEP-locked pulses in the near-IR and mid-IR, starting from non-CEP-stabilized driving pulses [21, 22] . Indeed, intrapulse DFG is associated with a phase differencing operation between the two mixing frequencies, thus providing insensitivity to pump CEP fluctuations [23] .
In the following sections, a number of OPA implementations will be described based on different seed generation approaches, depending on the IR region of interest for amplification and on the CEP stabilization strategy.
As a technological issue, the development of the high-energy ultrafast parametric source in the IR is strongly affected by the availability of suitable Non-Linear Optical (NLO) crystals. Indeed, NLO crystals have to be properly selected according to a number of requirements. In particular, crystals exhibiting a large second-order nonlinear coefficient and a broadband birefringent phase-matching over the near-IR and mid-IR spectral windows are required for an efficient parametric amplification. Moreover, in order to support high pumping power, crystals with high thermal conductivity and low absorption losses at the pump-pulse wavelengths have to be used. Importantly, transparency in the signal and idler spectral domain has to be fulfilled.
Most OPA and OPCPA systems in the near-IR rely on β − BaB 2 O 4 (BBO) as a nonlinear crystal. A number of other materials, belonging to the oxide-family may be cited as ideal candidates for near-IR parametric amplification, as KH 2 PO 4 (KDP), KTiOAsO 4 (KTA), KTiOPO 4 (KTP), LiB 3 O 5 (LBO) and LiNbO 3 . However, so far, their exploitation was fundamentally limited by the difficulties associated with the fabrication process, preventing the growth of large-size crystals with a good optical quality. By using the above-mentioned NLO media, tunability can be achieved up to wavelengths on the order of a few µm (shorter than ∼3 µm) by the onset of IR absorption. Parametric amplification in the IR domain is at the cutting edge of parametric source technology. When the DFG process generates a seed pulse in the terahertz (THz) domain, the process is called optical rectification, and it is widely benefiting from a new generation of non-oxide materials capable of providing optical transparency up to tens of µm, among which AgGaSe 2 (AGSe), ZnGeP 2 (ZGP), GaSe, GaP and ZnTe. A full list of NLO materials is provided in [24] for applications in the near-IR and in [25] [26] [27] for applications in the mid-IR.
An overview on the main technological solutions applied in the currently available high-energy few-cycle parametric amplifiers can be inferred from the following paragraphs, where a detailed description of the different experimental setups is reported.
Available Sources Based on the OPA Design
In this section, we report a description of some of the OPA systems currently available and capable of providing high energy few-cycle CEP-stabilized IR pulses. [23] , providing 200-µJ, 15-fs CEP-stable pulses at 1.5 µm. Using a similar design, the system was subsequently scaled up to the mJ level [28, 29] , making it suitable for experiments in the strong-field regime. A detailed description of the mJ-energy source is reported below.
This source consists of broadband near-IR OPA, centered around 1.5 µm, providing millijoule-level pulses, which are passively stabilized by means of a DFG seeding process. A schematic view of its architecture is shown in Figure 2a . A Ti:sapphire (Ti:Sa) laser system, providing 60-fs pulses at λ = 800 nm with an energy of 10 mJ and a repetition rate of 10 Hz, is used for driving the parametric process. Its energy is split into three portions, one for generating an IR seed and two for pumping the two amplification stages.
A phase-stable seed is generated through DFG among different spectral components of a spectrally-broadened laser pulse. Specifically, a small fraction of the driving laser beam (1 mJ) is focused through an iris in a krypton-filled gas cell. Here, spectral broadening occurs by filamentation [30] . The out-coming broadband pulses have an energy around 0.3 mJ and are compressed by means of chirped mirrors down to a duration of around 10 fs. These pulses are then focused into a 200 µm-thick BBO crystal, where the DFG process takes place. As a result, a nJ-level CEP-stable IR seed is generated, which is subsequently boosted in energy by optical parametric amplification.
Parametric amplification takes place in two stages. The first OPA stage consists of a 2-mm BBO crystal pumped by 2-mJ pulses, while the second one consists of a 3-mm BBO crystal pumped by 7-mJ pulses. In the second amplification stage, a small prism was inserted in the pump pathway in order to tilt the pulse front of 2 • so as to match it with the pulse front of the seed beam [31] ; as a result, the energy transfer from the pump to the seed is maximized. A slightly non-collinear Type-II phase-matching configuration is exploited in both stages for achieving few-cycle near-IR pulses. A spectral characterization of the system is reported in Figure 2b , showing the DFG spectrum (solid curve), as well as the IR spectra after the first (dashed curve) and the second (dashed−dotted curve) parametric amplification stages. The energy of the amplified DFG pulse after the second stage of amplification is 1.2 mJ, and its duration is around 17 fs, corresponding to 3.5 optical cycles ( Figure 2c ). As far as the energy stability, the measured peak-to-peak root-mean-squared (rms) fluctuation is better than 4%. Moreover the CEP stability of the out-coming IR pulses was characterized by means of an f -2f optical system. As a result, an rms fluctuation of the CEP of 220 mrad was measured (Figure 3) , which proved the passive stabilization mechanism to provide excellent performances in shot-to-shot stability.
It is worth mentioning that, thanks to the low dispersion of BBO in the spectral region of interest, the IR pulses provided by this system are nearly transform-limited and do not require any further compression. In the OPA system described above, a very powerful Ti:Sa laser source is used for achieving broadband IR pulse with an energy on the millijoule-level. On the other hand, high-power lasers suffer for strict limitations on the repetition rate. In fact, in order to avoid damage and thermal degradation effects inside the laser active media, a low repetition rate was used.
A different scheme is now presented for producing few-cycle IR pulses that is based on a narrowband parametric amplification stage followed by a spectral broadening stage. In this scheme, higher repetition-rate laser sources are used, even if some price is paid in terms of energy.
The pulses originating from a narrow-band parametric amplifier are spectrally broadened, by exploiting a non-linear process occurring in noble gas atoms, namely the Self-Phase Modulation (SPM) process.
The possibility to combine a narrow-band OPA and a compression stage based on SPM strongly relies on the capability to produce IR femtosecond pulses with an energy above the threshold required for efficiently driving non-linear processes in noble gases. In this sense, a first implementation was proposed by Hauri et al. in 2007 [32] . In their setup, a multi-cycle CEP-stabilized IR OPA pumped by a 1-kHz Ti:Sa laser system is used, producing pulses at 2 µm with an energy around 500 µJ and a duration above 50 fs. SPM in a plasma filament is then used for broadening the pulses spectrum, thus approaching the few-optical-cycles regime. CEP stability is preserved during filamentation, and the residual rms CEP drift of the output pulses is smaller than 0.1 rad. This scheme thus allows for the generation of CEP-stable 270 µJ pulses, with a measured FWHM of 17 fs.
An alternative approach for generating even shorter pulses in the sub-two-cycle regime was reported in 2011 by Schmidt et al. [33, 34] based on spectral broadening in a Hollow Core Fiber (HCF). In Figure 4 , their experimental setup is shown. It consists of a high energy OPA combined with a pulse broadening and compression stage. The OPA is pumped by a non-CEP-stabilized 1-kHz Ti:Sa laser delivering 3.8 mJ, 35-fs pulses at a wavelength of 800 nm. The laser power is split into four branches, one used for the generation of a seed and the remaining ones used for pumping three amplification stages.
A broadband seed is produced by focusing the radiation into a sapphire plate where white-light generation takes place. As already mentioned, the white-light generation process preserves the CEP fluctuations of the original laser pulses. Thus, a non-CEP stable seed is generated in the near-IR spectral range, which undergoes parametric amplification into a Type-II BBO crystal (BBO 1). Here, the signal is amplified, and an idler is generated at 1.8 µm. Since both pump and seed share the same CEP fluctuations, the idler is CEP-stable, its phase resulting from the difference between pump and seed phases. In this first parametric stage, a collinear configuration is used, in order to avoid the idler from being affected by spatial chirp. The 1.8 µm-idler is selected by means of a dichroic mirror and amplified in the two subsequent parametric amplification stages (BBO 2, BBO 3), which are implemented using a slightly non-collinear Type-II phase-matching configurations. After BBO 3, near-IR pulses at 1.8 µm with an energy of 650 µJ and an almost transform-limited duration of 35 fs are available. In order to reduce pulse duration down to the few-cycles scale, these pulses are focused into an argon-filled HCF using a 1-m focusing optic. Here, SPM takes place, leading to a significant spectral broadening. The out-coming pulses have an energy of 240 µJ; the pulse spectrum is very broad extending from 1.15 µm to 2.15 µm, but a residual chirp is present, which is compensated using a plate made up of fused silica. After compression, nearly transform-limited durations of 9.5 fs are obtained, corresponding to 1.6 optical cycles. The energy fluctuation stands around 3.5% after the OPA, around 6% after the HCF. As far as the CEP stability is concerned, a 350-mrad rms fluctuation is measured.
If compared to the OPA system from [28] described in the previous subsection, the CEP fluctuations provided by the HCF-based setup are larger. This is mainly due to the fact that an additional source of jitter is introduced in [35] , arising from a strong coupling effect in the HCF between pulse intensity and CEP fluctuations. As a result of this coupling effect, a slight variation in the intensity of the radiation entering the fiber can considerably affect the CEP stability. The HCF-based approach is thus very sensitive to pointing instability, as well as intensity instability after the OPA, which are anyway unavoidable due to the non-linear nature of the parametric amplification process. Feedback loop systems can however be installed for achieving better performances in terms of stability.
Definitely, the sources based on HCF, as well as filamentation have the main advantage of providing more degrees of freedom to the users (type of gas, pressure, propagation distance) for achieving an optimum control on the spectral bandwidth of the output radiation, thus allowing for sub-two-cycle pulse generation. However, some limitations are set in the pulses energy, standing at the hundred µJ-level.
High-Energy Tunable IR Parametric Source
For OPA systems based on a design as the one described in the previous sections, the possibility for achieving energy scaling is fundamentally connected to the advances in the front-end laser technology. However, in modern Ti:Sa laser systems, the energy scalability competes with the repetition rate, making the development of high-energy high-repetition rate sources a significant technical issue.
Tunability is a key feature of OPA systems. In order to obtain tunable ultrashort pulses, a broadband seed must be used. However, achieving tunability in an ultrashort pulse duration regime is a challenging task, with the spectral dispersion of the signal pulses being the main limitation. Since the spectral phase is extremely sensible to the experimental conditions upon which seed generation, as well as signal amplification occur, an accurate optimization of parameters as pump/seed pulses energy and duration, as well as a suitable seed line design are required.
We present here a novel parametric source recently developed in our laboratories and capable of providing enhanced performances with respect to the OPA systems described in Section 3.1.1, in terms of repetition rate and tunability.
An advanced Ti:Sa front-end laser source is used for pumping a two-stage parametric amplifier, delivering 1 kHz 1 mJ∼25-fs pulses centered at a wavelength that is tunable between 1.3 µm and 2 µm. The OPA scheme is similar to that shown in Figure 2a .
Ti:Sa front-end laser provides >15 mJ 25 fs 800-nm pulses at a repetition rate of 1 kHz. An ∼7-mJ portion of the pulse energy is used for driving the parametric amplifier. In particular, ∼330 µJ are sent into the seed generation line. Here, a Kr-filled HCF is used for spectral broadening and pulse compression below 10 fs. The output pulses have an ultra-broadband spectrum, from 550 nm to 1 µm, nearly approaching an octave extension. DFG is thus performed into a 3 mm-thick BBO crystal. A DFG spectrum is obtained extending from 1.3 µm to 2 µm. CEP-stable DFG pulses are subsequently amplified by means of two amplification stages, where 3 mm-thick BBO crystals are used in a Type-II phase-matching configuration. The first amplification stage is pumped by ∼330 µJ pulses; in the second amplification stage, 6-mJ pump pulses are used. Along the two pump lines, glass windows of proper thickness have been placed for achieving a fine tuning of the pump pulses duration, thus resulting in an optimization of the amplified DFG signal energy and duration. At the output of the OPA system, we obtain ultrashort pulses, tunable according to the seed DFG spectrum. The energy and the duration of the signal pulses slightly depends on the wavelength. The energy varies from 600 µJ to 1 mJ, the peak value being measured at 1.5 µm. As far as the duration, temporal characterization measurements at two different wavelengths are shown in Figure 5a (a) Measured spectral intensity of the signal pulse after the first (blue) and the second (orange) OPA stages tuned at 1.4 µm; (b) reconstructed temporal intensity profile corresponding to a pulse duration of 16 fs; (c) measured spectral intensity of the signal pulse after the first (blue) and the second (orange) OPA stages tuned at 1.9 µm; (d) reconstructed temporal intensity profile corresponding to a pulse duration of 32 fs; (e) a sequence of interferograms acquired with an f -2f interferometer. In the right panel, the CEP fluctuations are shown corresponding to an rms value of 200 mrad.
The CEP stability of the amplified pulses has been quantified by means of f -2f measurements (see Figure 5e ). As a result, an rms value of 200 mrad was measured. An active feedback loop stabilization system is currently being implemented in order to compensate for slow drifts.
Optical Parametric Chirped Pulse Amplification
In order to scale the OPA energy above the mJ-level, extremely intense pump lasers are required, above the terawatt scale. However, it is technologically challenging to scale the energy of femtosecond pump lasers. On the other hand, energetic picosecond pulses are available based on well-established gain media, such as Nd-or Yb-doped crystals or fibers that can be exploited for pumping parametric amplifiers.
In this sense, a scheme has been developed known as Optical Parametric Chirped Pulse Amplification (OPCPA) [36, 37] , which is very similar to the Chirped Pulse Amplification (CPA) occurring in laser gain media. In OPCPA systems, a femtosecond laser system is typically used for generating the seed pulses, while a high peak power picosecond laser is used for generating the pump pulses. Therefore, an energy transfer takes place from ps-pump pulses to fs-signal pulses. In order to optimize energy transfer efficiency, a good temporal overlap is required between these two pulses. Overlap is obtained by first stretching the seed pulse to the picosecond time scale and then, after the amplification step, compressing it back to its nearly Transform-Limited (TL) duration. Besides duration matching, also synchronization of the pump and seed pulses inside the amplification media is required. Synchronization can be achieved either electronically, by using properly-delayed electronic signals for triggering the emission of the pump and seed lasers, or optically, by using a portion of the seed pulse for triggering the pump laser emission. In both cases, pulses synchronization is one of the main issue in OPCPA schemes, contributing to a significant enhancement of the system complexity.
In OPCPAs, parametric amplification is usually implemented in a non-collinear configuration so as to exploit the benefits of a broadband amplification.
Thus, OPCPA systems provide the possibility to amplify extremely broadband optical pulses up to energy levels that are inaccessible by OPA systems because of limitations due to optical damage thresholds. On the other hand, an OPA design presents some advantages with respect to an OPCPA design. In particular, the problem of synchronization is avoided since both pump and seed pulses come from the same laser source. Moreover, there is no need of proper stretching-compression stages on the seed beam. As a result, the experimental setup of an OPA system is considerably simpler than that of an OPCPA system.
Few-Cycle OPCPA Sources in the Near-IR
The generation of near-IR millijoule-level few-cycle femtosecond pulses at 1.5 µm was reported for the first time by Mücke and coworkers in 2009 [38] . Their OPCPA setup is based on Type-II KTA/KTP crystals pumped by picosecond Nd lasers ( Figure 6 ). The front end of the OPCPA consists of a CEP-stable seeder that provides low-energy IR pulses to be boosted and a Nd:YAG source, providing high-energy pump pulses.
The seeder (see [39] for details) is based on an OPA system driven by a femtosecond source, made up of a Yb:KGW oscillator plus a power amplifier. Specifically, the 130 µJ, 250 fs, 10-kHz pulses at 1.03 µm coming out from this source are used to generate a broadband seed by means of white-light generation. The seed undergoes parametric amplification in two OPA stages. Here, idler pulses, CEP-stable, tunable from 1.4 to 1.6 µm with an energy of 4 µJ and a duration sub-40 fs are generated. These idler pulses are used for seeding the OPCPA.
A portion of the beam produced by the Yb:KGW oscillator and centered at 1.064 µm is stretched and then delivered to the Nd:YAG system used for pumping. This system consists of a regenerative and a double-pass amplifiers working at a repetition rate of 20 Hz. Amplification of the 1.064 µm beam takes place so that 100 mJ 60-fs pulses are generated. Synchronization between seed and pump pulses derives from the fact that the beam from the Yb:KGW oscillator is used as an input both in the seeder and in the Nd:YAG amplifier.
In order to match pump and seed pulse duration, the seed undergoes temporal stretching inside a grating-based stretcher so that a pulse duration of 40 ps is obtained. An acusto-optic device is used for finely shaping temporal dispersion.
Parametric amplification of the IR seed occurs into two stages, namely Stages 3 and 4. Idler pulses at ∼3.4 µm are generated.
Both in Stage 3 and in Stage 4, a Type-II phase-matching configuration is chosen. Ten millimeter-thick KTP crystals are used as non-linear media. That is because, unlike borate crystals, KTP is transparent for the idler wavelength in the mid-IR, thus preventing thermal load inside the amplification media and enabling efficient amplification of a signal in the spectral region around 1.5 µm.
In Stage 3, a 7-mJ pump beam is used, while in Stage 4, the pump energy can be tuned between 45 and 90 mJ. The dimension of the pump beams is changed for matching the dimension of the seed by means of proper telescopes. The high energy in the second pump beam line is delivered to Stage 4 by a vacuum relay imaging system.
As a result of the two parametric amplification steps, CEP-stable pulses at around 1.5 µm with an energy up to 12.5 mJ are generated. The spectral bandwidth of the IR pulses is 80 nm, corresponding to a transform limited duration of ∼65 fs.
To approach the few-cycle regime, spectral broadening by filamentation in a gas cell is performed. In order to prevent additional non-linear effects from affecting the temporal structure of the IR pulse during propagation in the gas, a low input pulse energy is used, 2.2 mJ. With low energy, filamentation in a self-compression regime is achieved. As a result, the IR pulses are compressed down to a 19.8-fs duration, corresponding to four optical cycles of the fundamental frequency. The output energy is 1.5 mJ. By properly optimizing the experimental conditions (beam diameter, focusing length, gas type and pressure, cell length), higher energy can be used as an input for filamentation, and higher output energy (∼5 mJ) can be obtained. However, the energy scalability of this system is low because of energy limitations imposed for attaining a suitable filamentation regime.
Moreover, the extremely high power delivered by the pump source prevents high repetition rate operation regimes. In this sense, an OPCPA system in the near-IR working at a repetition rate of 1 kHz and fully based on Ti:Sa laser technology was recently developed by Ishii and coworkers [40] .
This system is based on bismuth triborate (BiB 3 O 6 , BIBO) crystals, and it is capable of providing CEP-stabilized sub-two optical cycle pulses at 1.6 µm with an energy below the mJ-level (550 µJ).
A way for increasing amplification gain and bandwidth without the need for a 100 mJ-pump and IR spectral broadening is provided by the use of properly engineered non-linear parametric media: periodically poled non-linear crystals. Periodically poled materials, compared to conventional birefringent crystals, exhibit improved performances, namely a higher bandwidth and an enhanced nonlinear coefficient resulting in higher gain and broadband amplification.
Fuji et al. [41] and Gu et al. [42] succeeded in developing an OPCPA 2.1-µm system based on LiNbO 3 and LiTaO 3 periodically-poled crystals. This system produces CEP-stable 740 µJ pulses at 2.1 µm with a duration of ∼16 fs, corresponding to two optical cycles of the fundamental frequency. This source can in principle be scaled in energy, but the scaling potential of periodically-poled crystals is in turn limited by the difficulty of manufacturing high quality crystals with large apertures.
Few-Cycle OPCPA Sources in the Mid-IR
Because of the lack of non-linear media exhibiting transparency in the mid-IR spectral region, parametric amplification of this part of the spectrum has been difficult to achieve. In this sense, a significant advantage offered by periodically-poled crystals is the flexibility of operation in a spectral window, which commonly extends up to the mid-IR range. Titanium compounds, as KTP (Potassium Titanyle Phosphate), KTA (Potassium Titanyle Arsenate) and RTP (Rubidium Titanyle Phosphate), are also suitable for the mid-IR range. Recently, with the introduction of periodically poled crystal technology and with the development of growth techniques for single crystal synthesis, OPCPAs in the mid-IR have been realized.
In [43, 44] , high repetition rate (100 kHz) microjoule-level hundred-fs pulses at 3 µm have been produced by means of OPCPAs systems based on periodically-poled crystals.
The extension to a multi-mJ few-cycle pulse regime was achieved by Andriukaitis and coworkers in 2011 [45] . The scheme of their KTP/KTA-based source is reported in Figure 7 . The front end of the system is made up of Yb:KGW oscillator, which is used for seeding a 1-mJ Yb:CaF 2 femtosecond amplifier at 1030 nm and a 250-mJ Nd:YAG picosecond amplifier at 1064 nm. The Yb:CaF 2 amplifier is used for pumping a white-light-seeded KTP-based OPA at the repetition rate of 0.5 kHz. As an output from the OPA, a signal is produced at 1.46 µm with an energy of 65 µJ; the phase-stable idler beam at 3.9 µm is discarded. The signal pulses are then stretched into a Grating-prism (GRISM) stretcher.
The Nd:YAG amplifier works at 20 Hz and is used for pumping two collinear OPCPA stages where 10 mm-long KTA crystals are used as non-linear media. A Type-II phase matching configuration is adopted.
The first OPCPA stage is pumped by 50 mJ, and the 1.46 µm seed is amplified to 0.5 mJ.
The second OPCPA stage is pumped by up to 175-mJ pulses. This leads to the generation of uncompressed signal pulses with an energy of 22 mJ and uncompressed idler pulses at 3.9 µm, with an energy of 13 mJ. After compression, the 3.9 µm idler beam has an energy of 8 mJ. The retrieved idler pulse duration is 83 fs, corresponding to less than seven optical cycles of the fundamental frequency. In Figure 7 , the idler spectrum and temporal profile after the second OPCPA stage are shown.
Due to the high energy involved in the second OPCPA stage, the KTA crystal has uncoated Brewster cut faces so as to prevent optical damage in the coating. Brewster interfaces lead to angular dispersion in the 1.46-µm signal beam entering the crystal. This angular dispersion is transferred to the idler. Thus, the idler beam suffers for a slight divergence, which is however comparable with the corresponding diffraction limit divergence. Moreover, the idler pulses are not CEP stable because they result from the interaction between pump and signal pulses, which are not locked in phase. The system can be modified for providing CEP stable mid-IR pulses by injecting into the OPCPA setup the idler beam coming out from the OPA front end. Indeed, the OPA idler is phase-locked and can be used for seeding the two OPCPA stages by remaining unaffected in phase. The main disadvantage of having the OPA idler as a seed for the OPCPA system consists of the necessity to use suitable mid-IR reflectors throughout the OPCPA setup.
Perspectives in OPAs and OPCPAs Development
An attractive perspective for the future development of compact ultra-broadband tunable parametric OPA and OPCPA in the near-IR and mid-IR lies in the exploitation of fiber-doped laser sources.
Fiber-doped lasers are robust high repetition rate turn-key systems, capable of providing pulses in the near-IR spectral window and characterized by high spatial quality and temporal duration down to the few-tens of fs [46] . The output of these fiber lasers may be used for directly seeding a cascade of OPAs, leading to a substantial reduction of the complexity in the experimental setup. By using a fiber-doped laser system in combination with a powerful ps-solid-state laser system, parametric amplification of the near-IR radiation can be achieved, even above the mJ level. So far, near-IR OPCPA source at the 10-mJ energy-level have been reported [47, 48] delivering pulses in the multi-cycle regime (∼200 fs) at repetition rate between 10 Hz and 1 kHz.
In recent years, the interest in developing few-cycle long-wavelength sources has fostered research on fiber-based system. That is because the near-IR beam provided by these systems can be used for generating a seed radiation in the mid-IR by DFG process. In [49, 50] , a dual-output fiber oscillator delivering femtosecond pulses at both 1550 and 1050 nm is used as a front-end of an OPCPA (Figure 8 ). In particular, the 3-µm seed pulses for the OPCPA chain are generated by performing DFG between the 1550-and 1050-nm pulses. As a result, a CEP stable mid-IR seed is obtained. The seed is subsequently amplified by means of energy exchange with a 100-kHz ps pump beam in a three-stage OPA. Therefore, few-cycle pulses at 3 µm are produced with an energy that is however well below the mJ level (∼5 µJ).
Thus, by integrating fiber-based near-IR sources into OPCPAs, a significant scaling in the setup performances can potentially be attained. In addition, these sources provide the possibility for mid-IR seed light generation directly from a DFG process. This approach is suitable for CEP stability and allows one to overcome limitations discussed for [45] , related to the use an idler beam as a mid-IR seed for OPCPAs. On the other hand, the IR pulse energy delivered by these sources is still very low with respect to conventional OPAs and OPCPAs based on solid-state lasers. 
New perspectives in parametric amplifiers' development have opened with the introduction of two different approaches, namely waveform synthesizers and Frequency-domain Optical Parametric Amplifiers (FOPAs).
A promising route for the generation of extremely short optical pulses consists of synthesizing multiple sources. Synthesis is obtained by coherently combining the output of a number of different sources operating at different wavelength, so that a broader spectrum is constructed. The coherent combination of different near-IR OPCPAs, as well as of different fiber-based systems has been recently demonstrated [51, 52] , leading to sub-single cycle waveforms with an energy in the order of some tens of µJ. Systems based on this technology are suitable for energy scaling and can provide a solution for overcoming fundamental limitations, like limited parametric amplification bandwidth.
However, improved performances both in terms of scalability and pulse duration lead, in these cases, to an increased complexity in the setup. Indeed, synthesizing a sub-single cycle waveform requires both an accurate shaping of the pulses temporal profile and a full control on the CEPs and on the relative timing among the pulses. Acusto-optic programmable filters and balanced cross-correlators are used for properly shaping and timing the pulses with attosecond relative time stability.
A completely different scheme for achieving parametric amplification of CEP-stable pulses is Frequency-domain Optical Parametric Amplification (FOPA) [53] .
As opposed to the previously described approach based on synthesis of multiple sources, FOPA consists of dividing the spectrum of seed pulses from a single parametric source and in amplifying each spectral component independently from the others. The working principle of FOPA is depicted in Figure 9a . Spectral partitioning is obtained by spreading the pulse spectrum over a plane, the Fourier Plane (FP), by means of a 4-f setup. Then, different spectral components occupy a different position on the FP and can be amplified independently by using an array of non-linear crystals. Each element of this array is optimized for amplifying the corresponding spatial frequency, so that ultra-broadband phase matching is achieved, as shown in Figure 9b . As in the case of synthesizers, limitations in amplification bandwidth due to phase-matching in a single crystal are overcome. Moreover, since the incident energy is distributed over a large plane, seed and pump pulses with higher energy can be used, overcoming the restrictions imposed by limited crystal apertures. Up to now, ∼1.5-mJ pulses at 1.8 µm with a sub-two cycle duration have been produced at a 100-Hz repetition rate by using the FOPA design [53] . The development of powerful few-cycle parametric sources remains a challenging task from a technological point of view. Nevertheless, OPA and OPCPA systems will benefit from the introduction of the above-mentioned novel approaches towards the scalability of pulse energy and duration. Therefore, improvements are expected in the future both in terms of performances and in terms of system architecture.
Applications
The interest in developing ultrafast powerful laser sources lies in the possibility they offer to explore highly non-linear regimes of light-matter interaction, namely the strong-field regime and temporally-resolved phase transitions.
Strong-field phenomena are activated in matter undergoing interaction with an external electric field on the same strength-scale of the internal binding fields. This kind of phenomena thus involves a change in the structural properties of matter, mainly induced by the activation of electron excitation processes. The strong-field light-matter interaction regime is suitable for studying electron dynamics, as well as the corresponding structural evolution in atoms, molecules and solid-state systems. Up to now, the main experimental techniques used for accessing strong-field phenomena are: High-order Harmonic Generation (HHG) spectroscopy, photoelectron spectroscopy and pump-probe spectroscopy based on attosecond pulses.
Electron and nuclear dynamics occur on an ultrafast time-scale, ranging from hundreds of femtoseconds down to few attoseconds. Strong-field processes are thus deeply affected by the temporal properties of the exciting pulses, namely duration, field frequency (wavelength) and CEP.
In this sense, the use of CEP-stable few-cycle IR pulses leads to a number of significant advantages [54] . In particular, an electron interacting with an external field experiences a ponderomotive energy gain. This energy gain scales towards higher values when longer optical wavelengths (in the near-IR and mid-IR) are used. Higher electron energy corresponds to shorter De Broglie wavelength, which is useful for imaging small targets and for exciting transitions from deeply bound states.
Moreover, CEP-locked few-cycle pulses provide reproducible waveforms and can potentially be used to perform a fine control of ultrafast processes with a sub-cycle precision. High energy tunable few-cycle parametric sources in the IR spectral region allow one to fully exploit these advantages.
In this section, the main achievements in strong-field physics obtained by exploiting high-energy few-cycle near-IR and mid-IR sources will be discussed. In particular, attention is paid to reviewing very recent advances in HHG spectroscopy, photoelectron spectroscopy and attosecond science.
High-Order Harmonic Generation Spectroscopy
The HHG process is a highly non-linear light-matter interaction involving upconversion of the driving photon energy into higher values. In particular, emission of high-order harmonics of the fundamental one is observed. The discretization of the spectrum into harmonics derives from an interference process involving photon emission events occurring at different temporal windows. Indeed, light bursts of high energy photons are emitted by the target exposed to the radiation every half optical cycle of the laser field. The newly-generated spectral components provides coherent radiation in the extreme ultraviolet (XUV) and in the X-ray spectral region.
An easy-to-understand explanation of the harmonics emission process is provided by the so-called three-step model [55, 56] . The three-step model is a semi-classical model that depicts HHG as a sequence of three steps: as a first step, tunnel ionization takes place, resulting in the ejection of an electron. The ejected electron is then accelerated by the external laser field, gaining kinetic energy. Because of the oscillating nature of the laser electric field, the accelerated electron has a non-negligible probability of recombining with the parent ion. Recombination is associated with a photon emission.
According to this picture, the maximum energy (hω m ) of the emitted photons is provided by the following expression:hω m = I p + 3.17U p , where I p is the ionization potential of the target and U p is the ponderomotive energy gained by the electron in the external field. The ponderomotive energy depends on the wavelength of the driving radiation, as λ 2 . The increase in the electron energy comes at the cost of a dramatic reduction of the HHG efficiency due to a reduced recombination probability associated with the spreading of the electron wave-function. The HHG yield scales as ≈λ −6 [57, 58] . As a result, in HHG experiments driven by IR pulses, the acquisition process takes longer since integration over a larger number of shots is required for achieving a suitable signal to noise ratio. In order to reduce measurement times in the long-wavelength regime, high repetition rate sources (>1 kHz) have to be used.
Another factor affecting the HHG spectrum extension is phase matching. HHG takes place in an extended medium made up of a collection of dipoles, all acting as a source of XUV radiation. The spectrum of radiation emitted at a macroscopic level corresponds to that of a single dipole only if all emitters are in phase. Macroscopic effects in HHG are related to several factors: the focusing geometry of the driving pulses; the dispersion due to the plasma and neutral target; the nature of the sample (dipole contribution). Due to dispersion, phase-matching strongly depends on the wavelength of the driving radiation. When an unfavorable dispersion regime for the driving wavelength is attained, a suppression of the harmonics intensity and a reduction of the spectrum extension is observed [59] .
HHG driven by near-IR and mid-IR pulses has been extensively studied in gas targets made up of atoms, molecules and clusters. In this spectral region, HHG does not suffer from strong macroscopic effects. Therefore, the advantage of generating an extended harmonics spectrum can be fully exploited, without incurring strong phase-matching limitations [60] [61] [62] . Besides spectral extension, few-cycle IR pulses are particularly useful for studying atoms, molecules and solids with transitional energies on the order of a few eV. In the HHG process, the excitation induced in the target involves a field-driven transition between bound and unbound states. When an exciting radiation with a photon energy much lower than the energy of the bound-unbound transition is used, direct ionization is less likely to occur. Direct ionization is detrimental for rescattering-based experiments since it is responsible for a reduction of the efficiency by depleting the ground state population and lowering the amount of possibly recolliding electrons.
In Figure 10a , the maximum ponderomotive energy acquired by electrons undergoing interaction with an external field is shown as a function of the radiation wavelength (for a fixed beam intensity). In this sense, a remarkable result was that achieved in 2012 by Popmintchev et al. [63] . Bright high-harmonic X-ray radiation with a spectrum extending up to 1.6 keV (λ = 7.7Å) was demonstrated by focusing 10-mJ mid-IR pulses at 3.9 µm into a hollow core fiber filled with He gas (see Figure 10b) . In the inset, an electron energy distribution is shown, as measured after ionization of the C 2 H 2 molecule using the 3.1 µm radiation. Adapted with permission from [54] , Copyright APS, 2015; (b) High-order harmonics spectral yield in xenon at different driving laser wavelengths (0.8 µm, 1.3 µm, 2 µm and 3.9 µm). In the inset, the Fourier transform-limited pulse duration for the High-order Harmonic Generation (HHG) radiation driven by the 3.9-µm pulses is shown, corresponding to 2.5 attoseconds. Adapted with permission from [63] , Copyright AAAS, 2012.
Due to the broad spectrum produced, extending up to the XUV and X-ray, the IR-driven HHG process can be used as a source for spectroscopic applications with elemental sensitivity [64] . We mention here the very recent achievement by Johnson and coworkers [65] . In their experiment, the high-order harmonics spectrum generated with a few-cycle 1.8-µm driving field was focused into a polythiophene sample, and the X-ray absorption near edge structure (XANES) response of the sample was acquired. X-ray spectroscopy is nowadays mainly performed at synchrotron and free-electron laser facilities, where an extremely bright radiation in the picosecond and femtosecond time-scale is produced. In this sense, the HHG-based setup currently provides an unsurpassed tabletop alternative to these large-scale infrastructures.
Besides providing a source of radiation for spectroscopy, HHG is in turn a spectroscopy technique itself, as the harmonics spectrum contains information about the structure and the dynamics occurring in the emitter.
As mentioned above, the use of IR pulses enables the increase of the electron energy up to the keV level. An electron energy of a few hundreds eV corresponds to a De Broglie wavelength of the order of a few Å, on the same scale of the internuclear distances between atoms in molecules and solids. As a result, the spectrum of high-order harmonics is strongly affected by the structural properties of the emitter. Under appropriate inversion algorithms, an HHG-based tomographic reconstruction of the emitter can be performed with a sub-nanometer resolution [66] . Indeed, the structure of the Highest Occupied Molecular Orbital (HOMO) has been successfully probed in simple molecules by driving HHG with ultrashort IR light pulses [67] [68] [69] .
As pointed out above, different components of the HHG spectrum are emitted at different times within a temporal window of the order of half optical cycle of the carrier frequency. A time-to-energy mapping is thus possible, and dynamics occurring on a sub-cycle time scale can potentially be recorded in the harmonics spectrum.
Moreover, fingerprints of ultrafast electronic processes have been observed in HHG measurements. In particular, collective electron dynamics involving inner shell electrons have been observed in atoms by recording IR-driven high-order harmonics spectra extending beyond 100 eV. An enhancement in the high energy part of the spectrum (between 70 eV and 100 eV) was recently observed in xenon by using few-cycle pulses at 1.8 µm and 1.5 µm [70, 71] . This spectral feature is attributed to a multi-electron effect known as giant resonance [72] .
The role of ionization from multiple molecular orbitals has been studied in CO 2 and N 2 by performing HHG measurements at different pulse intensities and IR wavelengths [73, 74] . Here, intensity-dependent spectral features are attributed to the increasing contribution of deeper orbitals, and wavelength-dependent spectral features are recognized as due to the interference among different ionization-recombination channels involving multiple orbitals. A comprehensive overview on the IR-driven HHG spectroscopy of atoms and molecules is provided in [11] .
Efforts are currently devoted to the extension of HHG to the study of condensed-matter systems. Up to date achievements are briefly described below, and the main focus is placed on long-wavelengthdriven HHG experiments in bulk crystals. HHG in condensed matter systems is basically different from HHG in gas-phase samples. This is mainly because atoms are highly packed, and in the case of crystals, they are arranged to form a periodic lattice. Charges in crystals are delocalized over the entire lattice structure. As opposed to the atomic/molecular case, the HHG process cannot be described in terms of single electron trajectories, but in terms of charge oscillations. These collective charge motions are called dynamical Bloch oscillations.
The electronic properties of bulk materials derive from their band structure. In particular, the valence and the conduction bands are mainly responsible for the behavior of solids interacting with visible and IR radiation. In solid-state systems of technological interest, like semiconductors and insulators, the energy gap ranges from 0.1 eV to 10 eV, thus covering from the mid-IR up to the EUV spectrum. The high harmonics emission in bulk material involves electrons and holes located respectively in the conduction and in the valence bands. In particular, this electron-hole population undergoes intraband acceleration by interaction with the external radiation. The resulting charge currents depends on the energy dispersion profile of the conduction and valence bands. Thus, the emitted HHG spectrum encodes information on the band structure from which it arises.
The generation of a high-order harmonics spectrum from solids is challenging because of a number of fundamental limitations. A first limitation is related to material ablation. When a driving radiation with an intensity above the material damage threshold is used, ablation takes place. Ablation leads to changes in the structural properties of the sample, thus preventing the observation of the effects correlated to the periodic arrangement of atoms. Since ablation is mainly induced by multi-photon absorption, the use of the IR long-wavelength is beneficial. Indeed, the lower is the driving photon energy, the lower is the probability of interband transition. A second limitation consists of the strong absorption of photons with energy higher than the band-gap. Due to the high density of the media, absorption of EUV photons becomes more critical than in gas samples, and it is responsible for a significant suppression of the harmonics signal. Sources with a high repetition rate are thus required for HHG experiments in condensed matter systems.
The first observation of a broad HHG spectrum from a solid target, extending well beyond the band-gap energy, was reported in 2010 by Ghimire et al. [75] . A few-cycle mid-IR parametric source was used to drive harmonics generation in a ZnO crystal (bandgap ∼3.2 eV). The source provides nine-cycle ∼100-µJ pulses, tunable from 3.2 µm to 3.7 µm (from 0.34 eV to 0.38 eV), at a repetition rate of 1 kHz. High-order harmonics were observed extending up to 9.5 eV, which is more than 6 eV above the bandgap. The interpretation of HHG spectra generated in bulk materials can be linked to the standard techniques available for HHG in gases, opening the way to the reconstruction of the band structure based on HHG spectroscopy [76] .
An additional limiting issue in solid state HHG is ultrafast carrier scattering processes. Scattering leads to a disruption of the coherent charge transport under the external driving field, thus reducing HHG efficiency. In this sense, the possibility to control charges oscillations on an extremely ultrashort temporal window is promising, so as to preserve coherence. Sub-cycle confinement of intraband currents was achieved in 120 nm-thin polycrystalline SiO 2 films exposed to an intense ultrafast optical waveform generated in a visible light synthesizer [77] . Here, few-cycle to sub-cycle CEP-locked waveforms with a carrier frequency tunable in the visible spectral range were used.
The possibility to apply a similar approach to the study of materials of interest for technological applications is extremely attractive, such as low band-gap (∼1 eV) semiconductors. In this context, pulses with a longer wavelength are required. Few-cycle CEP-stable sources in the IR to THz domain can provide a powerful tool for exploring these systems. It is worth mentioning here the results recently obtained by Schubert and coworkers [78] . In their experiment, they were capable of detecting HHG emission from bulk GaSe by using 30-THz waveforms with a hundred-femtosecond duration. In particular, harmonics in the terahertz-to-visible spectral region were detected.
HHG-based experiments in condensed matter systems are of crucial interest for technological applications, paving the way for the development of XUV photonics as a tool for controlling and manipulating charge transport dynamics on an attosecond time scale.
Attosecond Pulse Generation
The HHG process is at the base of attosecond pulse generation. As discussed in the previous section, this process allows for the emission of a broad spectrum of radiation as a result of an upconversion mechanism for which high-order harmonics of the driving pulse frequency are generated. Such an extended spectrum supports pulse duration on the attosecond time scale.
As we have already discussed, the HHG spectrum depends on the wavelength of the driving radiation, so that the longer is the wavelength, the broader is the spectrum. In particular, when near-IR and mid-IR pulses are used, a harmonics signal can be obtained, extending up to the soft X-ray spectral region. Thus, long-wavelength driving pulses provide the advantage of supporting the generation of attosecond pulses shorter than those achievable using common Ti:Sa 800-nm driving pulses. Moreover, the soft X-ray spectral window is attained, which is particularly attractive for spectroscopy. X-ray-based attosecond pulses can be exploited for studying electron dynamics involving deep electronic states in atomic, molecular and condensed-matter systems.
An additional benefit, connected to the use of pulses in the long-wavelength range, is related to the temporal structure of the high-order harmonics radiation that is affected by a non-linear temporal dispersion, known as attochirp. Attochirp arises from the temporal distribution of the ponderomotive energies acquired by the electrons under the effect of the driving field. This chirp depends on the wavelength of the driving radiation according to an inverse scaling law. As a consequence, long-wavelength pulses allow for a reduction of the attochirp, thus helping in the generation of transform-limited attosecond pulses [79] .
In HHG, the emission of XUV and X-ray radiation is distributed all along the driving pulse duration. However, in order to obtain a single attosecond pulse for each driving pulse (namely an Isolated Attosecond Pulse (IAP)), emission from a single half-cycle of the driving field must be selected.
Selection can be achieved either by confining radiation in a sub-cycle temporal window or by filtering a well-defined portion of the HHG spectrum.
In the first case, a control on the HHG process is required, which can be achieved by properly tailoring the driving pulse waveform. For this purpose, a number of techniques have been developed, exploiting the dependence of HHG on pulse polarization [80, 81] and field amplitude profile [82] . In the second case, a high pass filter is applied to the harmonics spectrum [83] . Indeed, if few-cycle driving pulses are used, the high-energy part of the harmonics emission can be attributed to a single half-cycle, the one in which the amplitude gets its maximum value.
All of these techniques are implemented by means of few-cycle CEP-stable driving pulses. Indeed, few cycle pulses provide a higher peak-to-peak contrast among successive optical cycles, thus favoring single half-cycle selection. Moreover, for optimizing such a contrast, the CEP has to be locked to a proper value.
So far, IAPs at 800 nm have been successfully generated by means of the above-mentioned schemes. The extension to near-IR and mid-IR window is still under investigation, the main limiting factor being the low HHG efficiency at a longer wavelength. In this framework, the development of powerful parametric sources operating in these spectral regions has recently driven research. In the last few years, a number of results have been obtained demonstrating IAPs' emission in the long-wavelength range. The first experimental characterization of isolated attosecond pulses driven by 1.7 µm was recently published by Saito and coworkers [84] . Before Saito's works, fingerprints of IAPs have been already observed in HHG experiments performed with IR pulses. Millijoule-level few-cycle CEP-stable pulses at 1.5 µm were used in combination with 800-nm pulses for performing HHG in noble gas [85, 86] . In these experiments, a parallel and a perpendicular polarization configuration was explored for the two colors. In both cases, an XUV supercontinuum spectrum, extending above 100 eV, was measured. The lack of harmonics features in the HHG spectrum can be unequivocally attributed to a single burst of XUV emission with a potential attosecond duration. A similar approach, based on the superposition of two few-cycle CEP-stable mid-IR laser pulses with different wavelengths (1.35 µm, 1.75 µm), was successfully implemented [87, 88] .
In 2012, a new scheme for IAPs generation was proposed, named attosecond lighthouse [89] . Experimental demonstrations were soon after performed [90, 91] by using 800-nm laser pulses. The attosecond lighthouse method is based on the selection of an IAP within the train of XUV bursts by imprinting each of them with a different propagation direction. This can be obtained by acting on the space-time properties of the driving pulse, specifically by rotating the wavefront. As a result, a different front angle can be associated with each half-cycle of the pulse. Attosecond bursts are thus emitted at different angles, and by spatially selecting a well-defined direction of propagation, IAPs can be obtained. Experimental evidence of IR-driven IAPs' generation were reported in 2015 by Silva et al. [92] and Zhang et al. [93] . In both cases, 13-fs pulses at ∼1.8 µm with an energy on the hundreds-µJ level were uses. The availability of a kHz repetition rate parametric system allowed Silva and coworkers to detect an extremely broad XUV emission, up to the carbon K-edge (284 eV), potentially supporting 30-as pulse duration.
As already said, a remarkable progress in isolated attosecond pulse generation in the long wavelength regime is provided by the work in [84] . Here, a complete temporal characterization of IAPs generated by means of few-cycle CEP-stable parametric pulses in the near-IR was reported for the first time. A 1-kHz OPCPA system delivering a 12.7-fs pulse at 1.7 µm with an energy of 1.5 mJ was used. A fraction of the pulse energy, 570 µm, was focused into a gas cell filled with Ar, and XUV emission was detected up to 100 eV. The high-energy part of the spectrum was selected ( 90 eV) by means of a Mo/Si mirror. Spectral selection led to the isolation of a single burst of XUV radiation. The attosecond streaking technique was then used for retrieving the amplitude and the phase of the IAP. For this characterization, the XUV pulse in combination with the co-propagating 1.7-µm fundamental pulse is sent into a neon gas jet. The XUV pulse ionizes the target gas, generating a photoelectron wave packet, which is a replica of the XUV pulse. The photoelectron energy is modulated by the interaction with the IR streaking pulse. The photoelectron energy distribution is acquired by means of a time-of-flight spectrometer as a function of the delay between the two pulses. In such a away, a streaking map is obtained (Figure 11a ) encoding information on the attosecond pulse temporal profile, as shown in Figure 11b . This experiment provided the first demonstration of photoelectron streaking measurement in the near-IR domain, opening the way towards ultrafast soft X-ray photoelectron spectroscopy. 
Photoelectron Spectroscopy
As described in the HHG section, strong fields can induce tunnel ionization in matter, leading to the emission of photoelectrons. The energy and momentum distributions of photoelectrons encode structural and dynamical information on the target. Photoelectrons' detection is thus at the base of a number of spectroscopy techniques. For instance, photoelectrons are widely used for probing structural properties of matter at the atomic scale, in diffraction-based imaging methods. The main advantage of using electrons as a probe lies in their high cross-section of interaction with atoms. Indeed, electrons are charged particles, and their interaction with nuclei and electronic distributions is significantly enhanced with respect to photons. As an example, for energy values in the X-ray spectral window, the photoelectron scattering cross-section is more than five orders of magnitude higher than that of photons [94] . In order to attain sub-nanometer resolution, photoelectrons with an energy of the order of a few hundred eV are required. Ponderomotive acceleration of photoelectrons under high energy IR laser pulses provides the possibility to access such an extreme energy regime. Moreover, by using a few cycle pulses, ultrafast dynamics occurring into the sample can be probed with a sub-cycle resolution.
In a strong field experiment, photo-emitted electrons are steered by the external driving field. Depending on the initial conditions (namely, instant of emission and initial momentum), photoelectrons can follow a number of different field-induced trajectories. As a first scenario, they may be driven away from the system they were emitted from, contributing to a process named Above Threshold Ionization (ATI). As an opposite scenario, they may be driven back to the parent ion. In this case, different processes may happen upon return. Recollision with the ion can be responsible for photo-recombination, resulting in the emission of high-order harmonic radiation. Photoelectrons may otherwise experience elastic or inelastic scattering, associated with momentum exchange and ion excitation.
Photoelectrons undergoing different processes provide a different informational content. The main achievements obtained by studying photoelectrons in an IR-driven strong-field regime are reported below.
In the last few years, remarkable results in molecular imaging have been obtained by applying a photoelectron-based diffraction imaging technique, named Laser-Induced Electron Diffraction (LIED) [95] . LIED allows to extract structural features of gas-phase molecules directly from electrons, which are elastically scattered off the target. In particular, high energy electrons (>100 eV) steered along the laser polarization direction are selected, and their momentum distribution is detected. The structural properties of molecular scatterers can be retrieved by properly processing this momentum map.
In 2012, Blaga and coworkers exploited high energy few-cycle pulses tunable in the IR for implementing time-resolved LIED in simple molecules. They succeeded in capturing the dynamical evolution of oxygen and nitrogen structures under a vibrational excitation [96] . Recently, advances have been reported in LIED experiments performed with mid-infrared few-cycle high repetition rate parametric sources, providing the extension of this technique to the sub-Å imaging of a polyatomic molecule, such as ethylene [97, 98] , and to the exploration with a sub-fs resolution of a chemical process, such as bond-breaking in acetylene [99] .
In diffraction experiments, the information on the phase of the diffracted beam is lost. A complete amplitude-phase characterization can in principle be obtained by using a strong-field technique inspired by classical holography, namely Strong-Field Photoelectron Holography (SFPH) [100, 101] . The SFPH technique differs from LIED since it is based on the acquisition of an interference pattern, which is due to the superposition of a scattered and an unscattered photoelectron wave packet, both emitted from the same site by laser-induced tunnel ionization. Proof of principle of photoelectron holography was provided in 2011 by Y . Huismans et al. [102] with the study of metastable xenon atoms with a hundred-fs Free Electron Laser (FEL) beam at 7 µm. Subsequently, a Ti:Sa femtosecond laser system, delivering 40-fs pulses at 800 nm, was used for implementing SFPH in N 2 [103] . Up to now, the possibility to extend SFPH to the few-cycle mid-IR regime is still under investigation [104] . Moreover, the few-cycle regime would allow one to confine photoelectrons, steering motion into a short temporal window, thus preventing multiple rescattering events and simplifying phase-retrieval procedures. Thus, few-cycle mid-IR parametric sources can currently be addressed as the most promising table-top alternative to FELs in SFPH experiments.
Strong-field processes are intrinsically connected to the control of electron currents at an atomic scale with sub-optical cycle temporal resolution. The perspective for future technological applications in photonic devices is promoting research on strong-field phenomena at the condensed-matter level. The possibility to access this regime of interaction is however limited by the necessity to use an exciting radiation with an intensity below the material damage threshold. As mentioned in the HHG section, the use of mid-IR is beneficial, hindering multiphoton absorption and, thus, optical damage. Moreover, plasmonic nanostructures have been identified as ideal candidate for supporting strong-field physics in condensed-matter systems, as field confinement can lead to a strong field regime even with a lower intensity driving radiation.
Recently, experimental results have been published demonstrating strong-field photoemission from plasmonic nanostructures in a non-destructive regime by means of few-cycle mid-IR pulses.
Herink and coworkers [105] observed sub-cycle photoelectron emission from isolated metal nano-tips over a broad spectral window, extending up to hundreds of eV. A femtosecond source tunable in the near-IR and in the mid-IR was used for exciting photoemission and for triggering space-charge effects in the nanostructures. The sub-wavelength field confinement at the tip was here identified as responsible for a huge enhancement of the kinetic energy of photoelectrons escaping from the metal. The experimental and simulated kinetic energy distributions of photoelectrons acquired at a number of IR field intensities for a driving wavelength of 3.8 µm are shown in Figure 12a . In addition, measurements at various wavelengths were performed in order to investigate the scaling dynamics of photoelectron kinetic energy (see Figure 12b ). In this sense, an anomalous behavior was observed for increasing wavelength. Indeed, for wavelengths longer than 3.8 µm, a new sub-cycle regime was identified, in which the photoelectrons' spectrum becomes substantially wavelength independent. The transition to this wavelength independent regime was attributed to the local field distribution, decaying over distances shorter than the photoelectron quiver amplitude. Apart from plasmon-assisted strong-field experiments, this regime is proven to be widely inaccessible because of the diffraction limit affecting the beam dimension. In this framework, strong-field photoemission under an IR excitation can be addressed as a potential instruments for probing nano-localized field distributions and their ultrafast dynamical evolution.
Strong-field photoemission was subsequently observed by Teichmann et al. [106] also in plasmonic films under exposition to femtosecond, mid-infrared pulses provided by an OPCPA source at 3.1 µm. Tunneling emission was here demonstrated at the considerably low intensity of ∼1 GW/cm 2 , with the localized plasmon field being responsible for an extension of the photoelectron energy spectrum up to two orders of magnitude.
Other Fields of Application
As a remarkable example of additional fields of application for high-energy few-cycle IR parametric sources, we mention here the perspective of using IR-driven HHG radiation for seeding the Free Electron Laser (FEL) system [107] . In this sense, the benefits of using a tunable IR parametric source as a front-end lies in the possibility to generate an extremely extended seeding spectrum of FEL radiation, as well as in the possibility to finely tune FEL harmonics spectral position.
IR parametric sources providing ultrashort pulses are becoming a promising tool also in a number of sectors, which are not directly related to the ultrafast realm. In particular, the high energy flux provided by few-cycle pulses combined with the long penetration depth exhibited by the IR radiation in a number of materials of technological interest (semiconductors and insulators) can be exploited for manipulating matter at a microscopic level. Recently, Austin and coworkers observed High Spatial Frequency Laser-induced periodic surface structures (HSFL) on a germanium surface exposed to a femtosecond sub-bandgap intense radiation [108] . These spatial features result from a surface scattering mechanism; namely, the interference between the incident radiation and the scattered fraction leads to an intensity modulation along the surface, resulting in a periodic pattern of micro-stripes. This technique is potentially applicable to any surface and can be used in micro-fabrication processes.
Finally, the attractive perspective of applying femtosecond sources working in the long-wavelength domain for achieving intracellular micro-and nano-surgery is also under investigation [109] .
Conclusions
This paper is intended as a review of the state of the art in the field of high energy ultrafast IR parametric amplifiers. The most advanced systems based on OPA and on OPCPA design have been described, by pointing out their key features. Promising perspectives for the development of novel architectures with improved performances have been discussed, based on new technical solutions, such as spectral synthesis and frequency domain amplification. Finally, an overview of the main fields of applications in strong field physics has been provided, including HHG spectroscopy, attosecond science and photoelectron spectroscopy.
